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MHC variability supports dog domestication from a large
number of wolves: high diversity in Asia

AK Niskanen1,5, E Hagström2,3,5, H Lohi4, M Ruokonen1, R Esparza-Salas1, J Aspi1 and P Savolainen3

The process of dog domestication is still somewhat unresolved. Earlier studies indicate that domestic dogs from all over the
world have a common origin in Asia. So far, major histocompatibility complex (MHC) diversity has not been studied in detail in
Asian dogs, although high levels of genetic diversity are expected at the domestication locality. We sequenced the second exon
of the canine MHC gene DLA–DRB1 from 128 Asian dogs and compared our data with a previously published large data set of
MHC alleles, mostly from European dogs. Our results show that Asian dogs have a higher MHC diversity than European dogs.
We also estimated that there is only a small probability that new alleles have arisen by mutation since domestication. Based on
the assumption that all of the currently known 102 DLA–DRB1 alleles come from the founding wolf population, we simulated
the number of founding wolf individuals. Our simulations indicate an effective population size of at least 500 founding wolves,
suggesting that the founding wolf population was large or that backcrossing has taken place.
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INTRODUCTION

The dog has a special position in human society. It was probably the
first domesticated species (Clutton-Brock, 1995; Raisor, 2005; Pang
et al., 2009) and it is currently the most widespread and diverse
domestic animal. The questions of where and how dog domestication
took place still remain somewhat unresolved. Recent genetic studies
on the origin of domestic dogs have produced contrasting results, but
all indicate that the geographical origin is somewhere in Asia. Studies
of mitochondrial DNA (mtDNA) suggest that domestic dogs from all
over the world have a common origin in East Asia (Leonard et al.,
2002; Savolainen et al., 2002). Pang et al. (2009) narrowed the
domestication locality to the southeastern part of Asia, south of the
Yangtze River. On the other hand, based on genome-wide single-
nucleotide polymorphism data in nuclear DNA, but less comprehen-
sive sampling of Asian dogs, vonHoldt et al. (2010) suggested the
Middle East as the main area of origin. Notably, all previous studies
indicate an origin in Asia and, by contrast, show limited genetic
diversity among the European dogs.
An analysis of mtDNA of dogs indicated that the global dog

population originated from a minimum of 51 female wolves (Pang
et al., 2009). Analysis based on maternally inherited mtDNA is
problematic for estimating the number of founders because it does
not depict the biparental evolutionary history. In addition, the
effective population number for mtDNA is only one-fourth of that
of the nuclear loci and mtDNA has a high mutation rate, which both
complicate size estimates of founder populations. These problems can
be overcome by using autosomal markers, which are retained in a

population for a long time. The genes of the major histocompatibility
complex (MHC) are suitable for this purpose, as suggested by Wayne
and Ostrander (2007). MHC molecules have two pivotal roles in the
immune system: (i) they are required for initiating immune response
against pathogens (Germain, 1994), and (ii) they help in discriminat-
ing between self and non-self. High numbers of MHC alleles are
essential in defeating the variety of pathogens. It is commonly
accepted that MHC polymorphism is maintained by balancing
selection, which hinders alleles from being lost or reaching fixation
(Hedrick, 1999; Spurgin and Richardson, 2010). Instead, a great
number of alleles fluctuate at intermediate frequencies over extended
periods of time. This leads to a phenomenon known as trans-species
polymorphism, in which similar alleles are conserved in different
species (Klein, 1987). Retention of alleles over long periods of time
make MHC genes suitable for population studies at a longer time
scale than in other molecular markers (Prugnolle et al., 2005; Wayne
and Ostrander, 2007). Therefore, MHC genes have been used in
estimating the founder population sizes of, for example, Darwin’s
finches (Vincek et al., 1997), humans (Klein et al., 1990; Ayala et al.,
1994) and domestic mammals, including dogs (Vilà et al., 2005).
There are two major sources for new alleles in domestic animals:

(i) mutation and (ii) gene flow from an ancestral or related species. In
MHC genes, recombination also has a significant role in reorganizing
sequences. In some cases, recombination may even outscore mutation
in creating polymorphism (Schaschl et al., 2006). By estimating the
number of novel alleles that have arisen since domestication, it is
possible to estimate the number of alleles passed on from the founder
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population. Although the dog is the oldest domestic animal, from an
evolutionary point of view it was domesticated relatively recently.
Archeological as well as genetic evidence indicate that domestication
took place approximately 15 000 years ago (Savolainen et al., 2002;
Pang et al., 2009); an origin as early as 30 000 years ago has been
suggested, but based on inconclusive archeological evidence
(Germonpré et al., 2009). Both mtDNA and Y chromosomal studies
suggest that introgression from wolves after domestication has been
rare (Sundqvist, 2008; Pang et al., 2009).
Canine MHC (also referred to as dog leukocyte antigen, DLA) gene

variation has been examined mostly in European dogs so far
(Kennedy et al., 2007b), whereas mtDNA studies have shown that
genetic variation is highest in East Asia and among the lowest in
Europe. Therefore, it is probable that earlier studies of DLA diversity
have revealed only a small part of the total diversity. In this study, we
analyzed the highly polymorphic second exon of DLA–DRB1 gene
from dogs across Asia. Combined with previously published DLA–
DRB1 data (Kennedy et al., 2007b), we generated a more compre-
hensive picture of the global DLA diversity and used this information
in simulations to estimate the minimum number of founding wolves
for the current dog population.

MATERIALS AND METHODS
Samples
In total, 128 samples were collected from 69 dogs of North or East Asian (N/E

Asia) origin and 59 dogs of South or West Asian (S/W Asia) origin

(Supplementary Figure S1 and Supplementary Table S1). N/E Asia was defined

as Asia east of the Ural Mountains and north of the Himalayas and S/W Asia

was defined as Asia west and south of the Himalayas. These samples were

combined with data from the largest study so far for DLA (Kennedy et al.,

2007b). The 1484 samples that could be assigned to their geographic origins

were used; 1051 of the samples were from Europe, 112 from South America,

110 from Africa, 90 from North America, 61 from S/WAsia and 60 from N/E

Asia (Supplementary Table S2). A dog was assigned to a geographic region if

(i) it belonged to a breed with a historic origin from the region or (ii) it was a

non-breed dog from a remote part of the region that has presumably received

little influx of foreign dogs. Most of the Asian breed dogs were sampled from

Scandinavia, hence the environments of the Asian and European breed dogs

were similar with respect to, for example, parasite load and mate choice.

DNA techniques
DNA was extracted from blood, hair or buccal cell swabs preserved on FTA-

cards (Whatman International, Maidstone, UK). Amplification of the second

exon of the DLA–DRB1 gene was carried out with a semi-nested PCR (Mullis

and Faloona, 1987). DNA sequences were edited using Sequencing Analysis

(Applied Biosystems, Carlsbad, CA, USA), assembled into contigs and further

edited in Sequencher 4.1 (Gene Codes, Ann Arbor, MI, USA). To identify the

alleles from heterozygous individuals, all heterozygotes were cloned using

GeneJET PCR Cloning Kit (Fermentas, Burlington, Canada). All novel alleles

were verified by a second independent analysis using another set of PCR

primers (Kennedy et al., 2007a), to ensure that these alleles had not gone

undetected in earlier studies because of primer mismatch (see Supplementary

methods for detailed methodology).

Analyses of sequence data and tree construction
All available full-length sequences (270bp) of the second exon of DLA–DRB1

gene were retrieved from NCBI GenBank database (Supplementary Table S3)

and aligned in BioEdit 7 (Hall, 1999). The sequences included dogs mainly

from Europe (Sarmiento and Storb, 1990; Murgia et al., 2006; Kennedy et al.,

2007b), but also a lesser number of dogs from other regions (Runstadler et al.,

2006) and wolves (Seddon and Ellegren, 2002; Kennedy et al., 2007a). To study

phylogenetic relationships between the newly identified and previously

published DLA alleles, a neighbor-joining tree was constructed for dog and

wolf alleles with the software MEGA 4.1 (Tamura et al., 2007) using Jukes–

Cantor distances.

Regional genetic diversity
Numbers of alleles (A) and numbers of unique alleles (AU) were compared

between geographical regions. Alleles were categorized as unique if they were

found only in one region. Genetic diversity in Asian dogs was compared with

the diversity of the dogs from different regions from Kennedy et al. (2007b).

Alleles obtained from GenBank from publications other than Kennedy et al.

(2007b) could not be used in comparisons of diversity because the alleles could

not be assigned to the breeds of origin.

Allelic richness (AR) was estimated using the program FSTAT v. 2.9.3.2

(Goudet, 2001) and observed heterozygosity (Ho) was estimated with Arlequin

v. 3.11 (Excoffier et al., 2005). These parameters were estimated separately for

the breed dogs and non-breed dogs in the N/E and S/WAsia. As a result it was

not possible to assign genotypes for the individuals in Kennedy et al. (2007b),

the data were not suitable for estimation of expected heterozygosity, allelic

richness or other corrections for the sample size.

To compare how evenly each breed was sampled within a region, we

calculated the evenness based on Shannon’s diversity index (Pielou, 1966):

J¼ �
P

ðpi In piÞ
In S

where pi is the relative abundance of the breed i and S is the number of the

breeds. Evenness or ’equality’ is a measure of how similar the abundances of

different breeds are in a given region. The measure assumes a value between 0

and 1. When there are similar proportions of all breeds, the evenness is one,

and when the abundances are very dissimilar (some rare and some common)

the value decreases.

To obtain a measure of evolutionary distinctiveness of different DLA–DRB1

alleles, we estimated Faith phylogenetic diversity (Crozier, 1997; Faith, 1992)

for all regions using the program Conserve IV v.1.4 (Crozier et al., 1999). The

program estimates phylogenetic diversity as a measure of the diversity of a

subset of samples (the sum of the branch lengths in a phylogeny) relative to the

length of the neighbor-joining tree of the complete set of samples. The

neighbor-joining tree was constructed for dog alleles (270bp) with the software

MEGA 4.1 (Tamura et al., 2007) using Jukes–Cantor distances.

Estimation of number of founders
We assumed that mutation and recombination are the main sources for new

alleles and calculated the number of alleles arisen after domestication with mtn
(Vilà et al., 2005). Non-synonymous substitution rate (m) was set to 5.9*10�9

per non-synonymous site per year (Klein et al., 1993), time since domestica-

tion (t) was set to 15 000 or to the more extreme 30000 years (Savolainen

et al., 2002; Germonpré et al., 2009) and the number of non-synonymous sites

(n) within the second exon of the DLA–DRB1 gene was 200.39 (Vilà et al.,

2005). Schaschl et al. (2006) showed that, on average, the effect of

recombination to the DRB polymorphism in ungulates is eight times higher

than the effect of mutation. Based on this result, we calculated the probability

of novel alleles assuming that recombination increases the number of alleles

at the same level as m (in total equaling to m¼ 1.18*10–8), 10 times m
(m¼ 6.49*10–8) and 100 times m (m¼ 5.96*10–7).

To estimate the minimum population size of wolf founders, we conducted

simulations following the model of Vincek et al. (1997). In the model, 2Ne

alleles are drawn and paired randomly in each generation. The probability of

each allele pair to pass on to the next generation is one for heterozygotes and

one-selection coefficient (s) for homozygotes. Dog has a single-locus DLA–

DRB1 (Yuhki et al., 2007) and thus all heterozygosity is caused by variants of

one locus. The effect of evolutionary forces and demography to the number of

alleles was simulated with different population parameter values. These

included founder population size (Ne¼ 100–700), selection against homo-

zygosity (s¼ 0.01 (Satta et al., 1994) or 0.1), population growth rate (g¼ 0.02,

0.05 or 0.1) and number of founder population alleles (Af¼ 150 or 200). Initial

allele frequencies in the founder population were set to be even. Mutation

(infinite allele model) was included in the simulation with the mutation rate of

m¼ 1.18*10–8. In addition, more extreme values were tested up to the
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magnitude of 10–7. Population was let to grow to 1000 individuals and each

simulation was repeated 1000 times.

RESULTS

Large number of novel DRB1 alleles among Asian dogs
Among the 128 dogs studied, 51 DLA–DRB1 alleles were identified.
Five of these have previously not been submitted to GenBank and 17
are novel alleles. In all, 11 of the alleles were unique to N/E Asian dogs
and 11 to S/W Asian dogs (Table 1). Allelic richness was at a similar
level in the Asian regions for both breed and non-breed dogs.
Observed heterozygosities were surprisingly low, between 0.313 and
0.455 among S/W Asian breed dogs and N/E Asian non-breed dogs,
respectively. Considering the different environmental pressures and
demographic factors for breed and non-breed dogs, the allelic
richnesses and observed heterozygosities for the two groups were
unexpectedly similar.
When the data of this study were combined with data of Kennedy

et al. (2007b) for a global geographic comparison, the total number of
alleles increased to 71 (Table 2). Other alleles obtained from GenBank
could not be used in the diversity comparisons between regions,
because they could not be assigned to the breeds of origin. The lowest
number of alleles was found from North America (7) and the highest
number from N/E Asia (36, Figure 1). The lowest number of unique
alleles was also found among North American (1) and the highest
among N/E Asian dogs (16). Phylogenetic diversity was similar in S/
WAsia (0.585) and N/E Asia (0.584). Also other diversity values were
very similar between these two regions. These values are strongly
influenced by sampling schemes and sample sizes. Therefore, it is
remarkable that the highest number of alleles and unique alleles were
found among Asian dogs despite the small sample sizes.
The proportions of breed dogs differ among the regions (Table 2),

which may bias comparisons of genetic diversity. However, the
percentage of breed dogs was almost the same in the N/E Asian
(91.5%) and European samples (91.3%), and still the genetic diversity
was higher in the N/E Asian (A¼ 36, AU¼ 16) compared with the
eight times larger European sample (A¼ 30, AU¼ 9). In addition, the
numbers of individuals per breed were also uneven (Table 2), the
African sample being the least even (J¼ 0.09) and the N/E Asian
sample the most even (J¼ 0.83). The European and both Asian
samples had similar evenness values (Table 2) suggesting that the
sampling scheme did not have a large effect on the diversity values
among these regions.
In the neighbor-joining tree, the newly identified full-length alleles

from Asia were distributed among the previously published dog and
wolf DLA–DRB1 sequences (Figure 2). There was no clustering of the

new alleles that could be explained by population structure, selection
or primers that amplify selectively.

Simulations indicate large number of founders for the dog
population
The number of alleles descending from the time before dog
domestication indicates the minimum number of wolf ancestors.
Assuming a non-synonymous substitution rate of m¼ 5.9*10–9, the
probability of new alleles arisen since domestication is 0.018 (15 000
years since domestication) or 0.035 (30 000 years since domestica-
tion). With the non-synonymous substitution rate of m¼ 1.18*10�8

and assuming that recombination increases the number of alleles at
the same level as m, the probability of new alleles is 0.035 or 0.071. If
we assume that recombination increases the number of alleles 10 or,
unlikely high, 100 times as much as m, the probability of new alleles
would be 0.195 or 0.390 and 1.791 or 3.583, respectively. Conse-
quently, these results suggest that most or all of the alleles found in
the current dog population were present already among the wolf
ancestors; there is only a small chance that many new alleles have
arisen by mutation since dog domestication. The number of new
alleles would be considerable only if recombination rate is unlikely
high.

Table 1 Genetic diversity in N/E and S/W Asian dogs

N Nb A AU AR Ho

N/E Asia

All 69 27 32 11 11.27 0.435

Breed dogs 58 27 28 8 11.38 0.431

Non-breed dogs 11 — 9 3 9 0.455

S/W Asia

All 59 5 32 11 11.93 0.373

Breed dogs 32 5 19 5 11.11 0.313

Non-breed dogs 27 — 20 6 11.75 0.444

Abbreviations: A, number of alleles; AR, allelic richness; AU, number of unique alleles; Ho,
observed heterozygosity; N, number of dogs; Nb, number of breeds; N/E Asia, North or East
Asian; S/W Asia, South or West Asian.

Table 2 Worldwide genetic diversity, combined results from this

study and Kennedy et al. (2007b)

Region N Breed

dogs (%)

Nb J M A AU PD (%)a

Africa 110 83 (75.5) 2 0.09 27 11 2 0.214 (25.2)

Europe 1051 960 (91.3) 74 0.77 91 30 9 0.489 (57.6)

N/E Asia 129 118 (91.5) 27 0.83 11 36 16 0.584 (68.8)

S/W Asia 120 93 (77.5) 8 0.79 27 35 14 0.585 (69.0)

North America 90 90 (100) 4 0.40 — 7 1 0.168 (19.8)

South America 112 — — — 112 16 3 0.377 (44.4)

Total 1612 1344 (83.4) 115 — 268 71 45 0.85 (100)

Abbreviations: A, number of alleles; AU, number of unique alleles; J, evenness of the breed
dogs based on Shannon’s index; M, number of non-breed dogs; N, number of dogs; Nb, number
of breeds; N/E Asia, North or East Asian; PD, phylogenetic diversity; S/W Asia, South or West
Asian.
aPD was estimated including 270 bp long allele sequences, excluded alleles are marked
with a in the Supplementary Table S3.

Figure 1 Numbers of DLA–DRB1 alleles (A) and unique alleles (AU, left

y axis) and the percentages of phylogenetic diversity (PD%, right y axis)

in different geographic regions.
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In total, 102 DLA–DRB1 alleles (88 with non-synonymous
differences) have been submitted to GenBank (Supplementary Table
S3) suggesting a minimum of 51 wolf founders. However, this
estimate assumes that all founding individuals were heterozygous
and carried different alleles each. These assumptions are very
unrealistic and the number of founding individuals must have been
higher than this minimum estimate. In addition, many alleles may
have been lost because of genetic drift during the domestication
process. The effect of drift was probably strongest at the beginning of
the process when the population size was small. We simulated the
effect of drift to the number of alleles. A few possible scenarios are
shown in Figure 3. According to these scenarios, the effective founder
population size must have been at least 500 individuals to retain 100
alleles in the population (simulation A: Af¼ 150, s¼ 0.01, g¼ 0.05
and m¼ 1.18*10–8). If a higher initial allele number (Af¼ 200) is
assumed, only 450 founder individuals are required. However, it is
unlikely that a population of size 450 individuals would contain a
higher number of alleles than a population of size 500. Therefore, we
assumed the smaller number of alleles (Af¼ 150) in the founder
population.
As mentioned above, the mutation rates of magnitude 10–9 or 10–8

are too low to essentially increase the number of alleles in the
timescale of dog domestication, so it is likely that most of the current
alleles were already present in the ancestral population. In the

simulation timescale, even as high mutation rate as 10�7 did not
increase the number of alleles considerably. The number of genera-
tions in a simulation is limited by the maximum number of
individuals. The upper limit of 1000 individuals was reached in 49
and 15 generations (g¼ 0.05), with 100 and 500 founder individuals,
respectively. The magnitude of the selection coefficient did not have a
considerable effect on the number of alleles retained (compare
simulations A and B, Figure 3), which was also noticed by Vincek
et al. (1997).

DISCUSSION

DLA polymorphism and Asian origin of dogs
Albeit strong selection influencing MHC polymorphism, Prugnolle
et al. (2005) found a strong negative correlation between MHC
diversity and geographical distance of human populations from the
assumed East African origin. The origin of dogs has previously been
denoted to be somewhere in Asia (Pang et al., 2009; vonHoldt et al.,
2010) and high levels of genetic diversity are expected at and nearby
the domestication locality. Earlier studies of DLA diversity among
dogs have been based almost exclusively on samples from European
dogs (Kennedy et al., 2007b). It is remarkable that in the combined
sample of 1612 dogs half (33/71) of the DLA–DRB1 alleles were found
only among the 249 Asian dogs. Furthermore, with our sample of 128
Asian dogs we identified 22 full-length alleles, which had not been

Figure 2 Neighbor-joining tree for dog and wolf full-length DLA–DRB1 alleles showing the position of newly identified alleles. Blank¼Canis familiaris,

K¼new C. familiaris allele, J¼C. familiaris allele (previously not in GenBank), D¼Canis lupus.
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submitted to GenBank before. Our study confirms that until now a
large proportion of the DRB1 diversity in Asia has remained
unexplored. Our result also supports Asian origin of dogs.
Low levels of observed heterozygosity (0.444–0.455) among the

Asian non-breed dogs in this study were surprising—even many dog
breeds in Europe reach higher heterozygosity levels. In the earlier
study of Kennedy et al. (2007b), the mean observed heterozygosity of
over 80 mostly European dog breeds and some non-breed dogs was
0.665. In the wild, canids heterozygosities vary between 0.62 and 0.87
in grey wolf populations (Hedrick et al., 2000; Seddon and Ellegren,
2004) and 0.500–1.000 in coyotes (Hedrick et al., 2002). Our low
estimate of heterozygosity could be caused by the presence of null
alleles. If this was the case, the results would still be comparable
between the Asian regions and would even emphasize more the high
diversity of Asian dogs compared with European dogs. It is possible
that the low heterozygosity observed here relates to sampling from
small isolated villages and is caused by inbreeding. Adding to the
effect of inbreeding, genetic drift may overcome balancing selection
and reduce polymorphism in small populations unless if selection is
very strong (Robertson, 1962).
The non-breed dogs in this study do not have similar backgrounds.

Most of the European non-breed dogs have recent purebred ancestors,
whereas the Asian non-breed dogs might never have been subject to
systematic breeding. It is also more likely that Asian non-breed dogs
are really descending from Asian dogs, whereas European non-breed
dogs can have imported ancestors. To gain a more detailed picture of
DLA polymorphism around the world and the domestication locality,
a geographically and demographically more comprehensive sample
would be needed. It would be especially useful to study non-breed
dogs from remote places because they are least mixed with imported
dogs. Such remote places are hard to find in Europe but a
comprehensive study of non-breed dogs across most other parts of
the world seems feasible.

Number of founders and the domestication process
Around 100 DLA–DRB1 alleles have been submitted to GenBank in
full-length (270bp). Our simulations suggest that retaining 100 alleles
requires at least 500 wolf ancestors. If the allele frequencies in the

founding wolf population were not even, as assumed in our
simulations, the founder population must have been even larger.
Our result is in line with earlier MHC simulation results (Vilà et al.,
2005) based on less than half of the alleles included in our study.
According to Vilà et al. (2005) possibly a few hundred wolf founders
were involved in the domestication process. A large founding
population is also supported by the finding that domestication has
not considerably reduced nucleotide diversity in dogs (Gray et al.,
2009).
According to Palstra and Ruzzante (2008), the ratio of effective

population size (Ne) to census size averages 0.18 in stable populations.
It is suggested that the Ne/N ratio is high for populations with small
census size (Palstra and Ruzzante, 2008). For example, in the
contemporary small Finnish wolf population, the Ne/N ratio was
estimated to be 0.42 (Aspi et al., 2006). However, wolves have
probably been widespread and numerous at the time of domestication
(Boitani, 2003), so a low Ne/N ratio would be expected. Depending
on the Ne/N estimate used, the 500 founding wolf individuals would
translate into a census size of 1200–2800 individuals.
The contemporary wolf population is only a shadow of its past size

and not well suited for estimations of ancient MHC allele numbers.
Wolf is currently less polymorphic than, for example, coyote (Hedrick
et al., 2002). This might be a consequence of wolf population
fragmentation but it might also reflect a real biological difference in
the ideal number of alleles. The wider continuous range of habitats
occupied by coyotes (Arjo and Pletscher, 2004) might cause a higher
pathogen load and drive higher polymorphism. Whichever the cause
for the contemporary low allele number in wolves, the 150 alleles
assumed in our simulations would be quite a high number in a single
founding wolf population—especially when compared with the
approximately 100 alleles so far found from domestic dogs all over
the world. Taking into account also the large founding population
needed to explain the present high dog DLA polymorphism, a
reasonable conclusion is that domestication was not a very rapid or
local process. This conclusion is supported by mtDNA diversity,
which is markedly higher for dogs in Asia south of Yangtze River than
all other parts of the world, but within this region diversity is
relatively homogenous (Pang et al., 2009). Possibly, domestication of
wolf was a cultural process, which was spread across a large
geographical area and involved many wolf populations. It has also
been suggested that the domestication process was started by the
wolves taking advantage of the food waste around villages—rather
than by deliberate human action (Coppinger and Coppinger, 2002). If
so, this behavior probably developed over a period of time and in an
extended region.
High DLA polymorphism in the dog could also be caused by

backcrossing to wolves. vonHoldt et al. (2010) state that there has
been ‘interbreeding with wolves early in the domestication process’.
However, earlier studies suggest that the amount of hybridization has
been small between domesticated dogs and wolves (Sundqvist, 2008;
Pang et al., 2009). Instead, Sundqvist (2008) suggested that high
recombination rate may explain the high MHC polymorphism. Our
results show that even if recombination increases the number of alleles
10 times as much as mutation, an estimate close to the ratio observed
in ungulates by Schaschl (2006), recombination has not added
considerably to the polymorphism after domestication. Apparently,
balancing selection and larger effective population size have main-
tained high MHC polymorphism compared with the uniparentally
inherited neutral markers. After domestication dogs were exposed to a
new set of pathogens, which could have resulted in co-evolution
between the host and the pathogens. Also, denser populations of dogs
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compared with wolves might have favored pathogen invasion. This
new kind of selection pressure would have maintained high poly-
morphism in the dog population—possibly even more efficiently than
in the source wolf population. However, unless the recombination
rate has been very high and there has been wide backcrossing, most of
the polymorphism has been present in the founding population(s),
which sets the lower limit to the number of domesticated individuals.
To conclude, we have shown that a large proportion of dog DLA–

DRB1 diversity has remained unidentified because previous studies
have primarily included European dogs. Accordingly, we found high
DLA diversity in Asian dogs, which is in line with earlier studies of
mtDNA and genome-wide single-nucleotide polymorphism diversity.
Based on this more comprehensive DLA data set, we estimated that
dogs originated from a large number, at least 500, founding wolves.
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